The diastereoselectivity of diazomethane addition to the conjugated double bond of α,β-unsaturated sesquiterpene lactones was explored using zaluzanin A (1) as a model. Thus, the absolute configuration of 1 was assured by X-ray diffraction analysis including evaluation of Flack and Hooft parameters, and by vibrational circular dichroism spectroscopy of its diacetyl derivative 2, while the absolute configuration of the diazomethane addition product, zaluzanin A pyrazoline (3), was determined by evaluation of the 1 H NMR chemical shift changes with respect to 1, and confirmed by X-ray diffraction analysis, again including evaluation of Flack and Hooft parameters.
For many years pyrazoline derivatization, followed by elemental analysis, was employed as a chemical proof for the presence of an exocyclic α,β-unsaturated lactone moiety during the structure elucidation of sesquiterpene lactones [1] . This reaction became obsolete some fifty years ago with the advent of 60 MHz NMR spectrometers that showed the presence of two doublets owing to the exocyclic methylene group. The diazomethane addition reaction has also been advantageously exploited for the preparation of cyclopropane derivatives in some natural products [2] . However, a main question concerning the stereochemistry of the addition of diazomethane to the conjugated double bond in these substances still remains unanswered. In this work, we account on the stereochemistry of this reaction employing zaluzanin A (1) as a representative model of α,β-unsaturated sesquiterpene lactones. For such purpose, the absolute configuration of 1 was directly assured by X-ray diffraction analysis, including evaluation of Flack and Hooft parameters, and by vibrational circular dichroism (VCD) spectroscopy of its diacetyl derivative 2, while the configuration of the diazomethane addition product, zaluzanin A pyrazoline (3), was determined by analysis of the 1 H NMR chemical shift modifications with respect to 1, and confirmed by X-ray diffraction analysis, also including evaluation of Flack and Hooft parameters.
Zaluzanin A (1) is a natural substance isolated from Zaluzania augusta (Compositae), which is a species widely spread in Mexico with use in traditional medicine to relieve stomach pain and as an abortive [3] . It was found that 1 reduces in vitro human sperm motility by 16%, but does not affect sperm viability, and that it can relax smooth muscle contraction induced by oxytocin [4] . The structure of this unique guaianolide, possessing a cyclopropane and a δ-lactone ring closed to C-5, was established almost one-half a century ago [5] after extensive chemical transformations, which included aromatization to artemazulene and chamazulene, combined with UV, IR and 60 MHz 1 H NMR measurements. Regarding the relative stereochemistry and absolute configuration of 1, based on optical rotatory dispersion of the 3-keto derivative as compared with 16-ketosteroids, a trans ring junction with absolute configuration 1S and 5R was suggested at that time. In addition, the 7S absolute configuration followed from the δ-lactone ring closure, and the 6S configuration was evidenced from the 1 H NMR J 6,7 value. No suggestions were made for the absolute configuration of the remaining C3, C4, C8 and C10 stereogenic centers in the original 1967 work [5] . These were established 30 years later [6] by single crystal X-ray diffraction of 11,13-carbodibromozaluzanin A diacetate and, a few years ago the X-ray diffraction analysis of 1 itself was carried out [4] . Chromatography of the EtOAc extract of the water decoction of the aerial parts of Z. augusta led to the isolation of zaluzanin A (1), whose identification was supported by NMR analysis, including 1D and 2D spectroscopy in comparison with published data [4, 5] . Compound 1 was obtained as colorless prisms after crystallization from CHCl 3 -acetone showing m.p. 248-250 °C and [α] D -6.0; lit. 256-258 °C and [α] D -10 [5] . Zaluzanin A diacetate (2) was prepared by treatment of 1 with Ac 2 O/pyridine and obtained as colorless prisms after crystallization from Et 2 O-n-hexane, while zaluzanin A pyrazoline (3) was obtained by treatment of 1 with ethereal diazomethane [5] . Crystallization from acetone-Et 2 O afforded 3 as colorless prisms, whose physical data agreed with those reported [5] . In the 400 MHz 1 H NMR spectrum of 3, the low-field doublets of the exocyclic methylene conjugated with the δ-lactone of 1 were not present, but instead two multiplet signals Furthermore, the H-6 signal of 3 at δ H 5.33 (d, J = 2.6 Hz) was shifted by 1.53 ppm to higher frequencies, and that of H-7 at δ H 2.32 (d, J = 2.6 Hz) was shifted by 0.78 ppm to lower frequencies with respect to those of 1. These shifts provide evidence for the occurrence of the 11S isomer since, according to the structure of 3 depicted in Figure 1 , H-6 can experience a diamagnetic shift induced by the diazo double bond, while H-7 experiences the opposite effect due to its location with respect to the π-electrons of the N=N bond. In the 13 C NMR spectrum of 3, assigned using gHSQC and gHMBC experiments, sixteen signals were observed, from which that at δ C 169.2 was attributed to a carbonyl group (C-12), and those at δ C 103.1 (C-16), 78.1 (C-11) and 27.2 (C-13) were assigned to the pyrazoline ring. In addition, signals of carbon bearing oxygen atoms at δ C 95.4, 71.1 and 62.7 were assigned to C-5, C-3 and C-6, respectively.
Single crystals of 1 and 3, obtained from EtOAc-n-hexane and acetone-Et 2 O mixtures, respectively, were mounted on an X-ray diffractometer equipped with Cu Kα monochromated radiation and a large charge coupled device detector, allowing the collection of the complete spheres of data. The molecular structures were solved by direct methods and refined to discrepancy indices of 3.2 and 2.7%, respectively (Table 1) . For compound 1, the complete sphere data set was used to calculate the Flack parameter [7] , which for the enantiomer shown in Figure 2 , was x = 0.1(3), and the Hooft parameter [8] was y = 0.10(11). For the inverted structure, the Flack and Hooft parameters were x = 0.9(3) and y = 0.90 (11), respectively, from where it follows that the correct enantiomer is effectively that depicted in Figure 2 . Following the same procedure for compound 3, the enantiomer shown in Figure 2 was validated according to the Flack parameter of x = −0.12(16), and the Hooft parameter of y = −0.07 (6), while for the inverted structure, the Flack and Hooft parameters were x = 1.13(15) and y = 1.06(6), respectively. Therefore, the absolute configuration of the new stereogenic center at C11 in 3 was determined as S.
In an independent approach, the absolute configuration of zaluzanin A diacetate (2) was studied by VCD spectroscopy. The molecular models of 2 were built according to the absolute configuration proposed in Figure 1 and subjected to a conformational search using the Monte Carlo protocol and the molecular mechanics force field [9] . The searching process was repeated several times starting from different geometries in order to cover the complete conformational hypersurface. The obtained conformers were analyzed and filtered according to their energies, removing all duplicates. A selection between 0-10 kcal/mol afforded 5 conformations. DFT energy calculation of the selection within a 0-5 kcal/mol range at the B3LYP/6-31G(d) level of theory left 4 conformers for 2. Geometry optimization using the B3LYP/DGDZVP level of theory [10, 11] and calculation of the IR frequencies, after narrowing the energy range to 3 kcal/mol, yielded only three conformers for 2. Table 2 contains the thermochemical analysis for the calculation of the conformational equilibrium of 2 which included the three main species 2a, 2b and 2c. The Boltzmann distribution was calculated according to the ΔG = ΔH -TΔS and ΔG = -RT ln K equations, considering the B3LYP/DGDZVP calculated frequencies, as recently described for a diepoxyguaianolide [12] .
The three low-energy structures, accounting for 100% of the conformational population, are represented in Figure 3 . This species essentially preserves the same spatial arrangements with changes in rotation of the acetyl groups. The VCD frequencies of conformers 2a, 2b and 2c were calculated and Boltzmann-averaged to generate the calculated spectrum, which was plotted using Lorentzian bandshapes and bandwidths of 6 cm -1 . Figure 4 shows a comparison between the calculated and experimental VCD spectra of 2, which display very good agreement. Quantitative evaluation of this concordance was made by using the confidence level algorithm included in the CompareVOA program (BioTools Co., Jupiter, FL 33458, USA), which calculates the integrated overlap of the experimental and calculated data as a function of a relative shift [13] . Application of this procedure gave the optimal anharmonicity factor (anH = 0.981), and the VCD spectral similarity for the correct (S E = 75.3%) and incorrect enantiomer (S -E = 15.5%) with an enantiomer similarity index (ESI) value of 59.8% and 100% confidence for the absolute configuration determination. The results presented herein afforded conclusive and direct evidence for the absolute configuration of compounds 1-3 and, therefore, for the diastereoselectivity of diazomethane addition in zaluzanin A pyrazoline (3).
Experimental
General: Melting points were determined on a Fisher-Johns apparatus and are uncorrected. Optical rotations were determined in fractions B (840 mg), C (452 mg) and D (120) were enriched in 1, and fraction E (60 mg) provided pure 1. Fraction B (300 mg) was purified on a silica gel column (50 g) eluting with n-hexane-EtOAc (2:3) to yield 1 (180 mg).
Isolation of zaluzanin A (1):

Zaluzanin A diacetate (2):
Acetylation of 1 (60 mg) with pyridine-Ac 2 O as described [5] afforded 2 (50 mg, 63%).
Zaluzanin A pyrazoline (3):
A solution of 1 (100 mg) in MeOH (2 mL) was mixed with 10 mL of an ethereal solution of diazomethane (prepared with 1 g N-nitrosomethylurea), allowed to stand at 4 °C overnight and evaporated to dryness under a N 2 stream at room temp [5] . Crystallization of the residue from acetone-Et 2 O gave colorless prisms (63 mg, 54%). 
Single crystal X-ray diffraction analysis of 1 and 3:
The data were collected on an Agilent Xcalibur Atlas Gemini diffractometer using the enhance CuKα X-ray source radiation (λ = 1.54184 Å) at 293(2) K in the  scan mode. Unit cell refinements were made with the CrysAlisPro, Agilent Technologies, Version 1.171.34.49 software. The structures were solved by direct methods using the SHELXS-97 program included in the WinGX v1.70.01 crystallographic software package. For the structural refinement, the non-hydrogen atoms were treated anisotropically, and the hydrogen atoms, included in the structure factor calculation, were refined isotropically. Crystallographic data (excluding structure factors) have been deposited at the Cambridge Crystallographic Data Centre. Copies of the data can be obtained free of charge on application to the CCDC, 12 Union Road, Cambridge CB2 IEZ, UK. Fax: +44-(0)1223-336033 or e-mail: deposit@ccdc.cam.ac.uk Molecular modeling: Geometry optimizations for zaluzanin A diacetate (2) were carried out using the MMFF94 force-field calculations as implemented in the Spartan'04 program. A Monte Carlo search protocol was carried out considering an energy cutoff of 10 kcal/mol. A systematic search was also performed, but no additional minimum energy structures were found. Single point energy of the conformers found within the E MMFF 0-10 kcal/mol range was calculated with the DFT B3LYP/6-31G(d) level of theory in the Spartan'04 program and DFT conformers found in the first 5 kcal/mol were optimized at the B3LYP/DGDZVP level of theory employing the Gaussian 03W program. The minimized structures in the first 3 kcal/mol were used to calculate the thermochemical parameters and the IR and VCD frequencies at 298 K and 1 atm. The VCD spectra were Boltzmann-averaged using those conformers within 0-2 kcal/mol. Molecular visualization was carried out with the GaussianView 3.0 program. Calculations required between 17 and 24 h computational time per conformer when using a desktop computer operating at 3 GHz with 8 Gb RAM.
